| INTRODUC TI ON
The right ventricle (RV) plays an important role in the pathophysiology of various cardiopulmonary diseases. RV systolic function is a strong prognostic factor for patients with various cardiac diseases. [1] [2] [3] [4] [5] Although the gold standard for noninvasive assessment of RV systolic function is cardiac magnetic resonance imaging (CMR), [6] [7] [8] it is time-consuming, often not feasible in daily clinical practice and costly. Thus, echocardiography is the first-line and, in some situation, the only noninvasive imaging modality for assessment of RV function. However, estimation of RV contractility by echocardiography is a challenging task due to its unique anatomy and its unfavorable position within the thoracic cavity. 9 Although RV ejection fraction (EF) by three-dimensional (3D) echocardiography has been validated against CMR in a variety of clinical settings, 7, [10] [11] [12] [13] [14] [15] it is dependent on image quality and a relatively time-consuming because it requires manual procedures including tracing of RV endocardial boundaries.
Many indices have been described as surrogate parameters of RV global systolic function. 16, 17 In clinical practice, the most common and feasible indices that can be used to evaluate RV systolic function are tricuspid annular plane systolic excursion (TAPSE), 18, 19 Doppler tissue imaging (TDI)-derived tricuspid lateral annular systolic velocity (S'), [20] [21] [22] [23] and RV fractional area change (FAC). 21, [23] [24] [25] However, TAPSE and S' are angle dependent, and may over-or underestimate RV function because of cardiac translation. 16, 17 The main limitation of RVFAC is only fair inter-observer reproducibility. 17, 21 Novel techniques such as RV free wall longitudinal strain (free-RVLS) enable us to overcome some of imperfections of traditional indices. 23 The current ASE/EACIV guideline has recommended the use of the average of RV free wall segment alone because the previous studies excluded the interventricular septum. 17 However, this method is highly dependent on image quality. 16, 17 Application of speckle-tracking echocardiography (STE) to the mitral annulus provides rapid and easy assessment of displacement of the midpoint of mitral annular line by setting region of interest (ROI) on the septal and lateral mitral annulus in the apical 
| ME THODS

| Study population
We retrospectively selected 81 patients with sinus rhythm and without history of myocardial infarction, and previous cardiac surgery in whom echocardiographic assessment of RV function including 3D echocardiography was performed at Wakayama Medical University
Hospital between 2016 and 2017. We excluded 20 patients (25%) of 81 patients in whom it was difficult to assess 3D echocardiographicderived RVEF because of poor images. The final study population consisted of 61 patients. We performed comparative analyses between the RVEF ≥45% group and the RVEF <45% group in each parameter for detection of RV systolic dysfunction. The abnormality threshold of RVEF <45% was according to recent guideline. 17 The local ethics committee of Wakayama Medical University approved the study protocol.
| Standard two-dimensional echocardiography
Echocardiography was performed using EPIQ ultrasound system equipped with a matrix-array X5-1 transducer and iE33 ultrasound system equipped with a matrix-array X3-1 (Philips Medical Systems, Andover, MA, USA) by a single sophisticated sonographer. Care was taken to include the entire RV with the images. TAPSE, S', and RVFAC were measured according to the recommendations by the American Society of Echocardiography. GmbH, Unterschleißheim, Germany), as previously reported. [13] [14] [15] This software works in several steps ( Figure 1A) . Finally, the RV contours are automatically tracked throughout the entire cardiac cycle using the speckle-tracking technology, and automated measurements of RV volumes and EF are provided ( Figure 1B ).
| RV free wall longitudinal strain by speckletracking echocardiography
Speckle-tracking software (QLAB, Philips Medical Imaging) was used to measure free-RVLS and TAD off line by the other certified and experienced cardiologist blinded to the other echocardiographic data including RVEF. Free-RVLS was measured by manual delineation of endocardial border of the RV free wall in apical 4-chamber view, composed by three segments; basal, medial, and apical. After manual adjustment of the ROI, the RV longitudinal strain curves were generated by the software for each RV segment.
Free-RVLS represents the average value of the three strain curves.
| TAD by speckle-tracking echocardiography
The work flow of TAD analysis is as follows:
Step 1, three points were se- 
| Analysis of reproducibility
Inter-observer and intra-observer variabilities in each parameter studied were evaluated with intraclass correlation coefficient (ICC) in 20 randomly selected individuals by two independent observers.
| Statistical analysis
All data were shown as mean ± standard deviation (SD) for continuous variables and as numbers and percentages of patients for categorical variables. Continuous variables were compared using t-test and categorical variables were compared with the chi-square test or Fisher's exact test as appropriate. The diagnostic ability of each F I G U R E 1 Three-dimensional analysis. A, Initially, the green (upper images) and the blue (lower images) longitudinal markers were set in the apical 4-chamber (4Ch) (left) and 2-chamber (2Ch) (middle) views at end-diastole to define the orientation of the left (LV) and right ventricle (RV). The aortic valve annulus line (AV1-AV2) was marked in the apical long-axis view (3Ch) (upper right image). Finally, the anterior and posterior junctions of the RV free wall with the interventricular septum and the longest septal-to-free wall distance were identified in the RV short-axis view (SAX) (lower right image). B, After automated reconstruction of RV endocardial surface, manual adjustment was performed in SAXs (right images) and 4-ch view (left lower images) at end-diastolic and end-systolic frames. Then, the endocardial surface was tracked over the entire cardiac cycle using speckle-tracking, and three-dimensional RV volumes were calculated at end-diastole and end-systole. AJL = anterior junction landmark; LA = left atrium; MV = mitral valve; PJL = posterior junction landmark; RA = right atrium; TV = tricuspid valve
indices to distinguish RVEF <45% from RVEF ≥45% was determined using receiver operating characteristics curves (ROC). The area under the curve (AUC) for each parameter was compared using paired analysis with the method of Holm to adjust the P values in multiple testing. 29 For example, when reporting Xp values for X distinct tests, the rth smallest P value (for r = 1, …, X) among the Xp values with 0.05/ (X-r + 1) and the test result is considered statistically significant after adjustment for the multiple tests if the rth smallest P value is less than 0.05/(X-r + 1). However, if the rth smallest p value is the first that exceeds 0.05/(X-r + 1), then the test results associated with the (X-r + 1) largest P value are considered statistically nonsignificant according to the Holm method. The optimal cutoff was taken when the sum of sensitivity and specificity was the highest. All P value <0.05 were considered statistically significant. All analyses were performed with JMP pro (version 13.0, SAS Institute, Cary, NC, USA). Tables 1 and 2 12.9 ± 2.0 cm/s vs 10.4 ± 4.1 cm/s; P = 0.04, 42.6 ± 11.6% vs 26.4 ± 13.0%; P < 0.001, and 19.0 ± 3.1% vs 11.3 ± 3.6%; P < 0.001, respectively) and free-RVLS was significantly lower (−21.0 ± 3.5% vs −15.9 ± 3.9%, P < 0.001) in patients with preserved RVEF than those in patient with decreased RVEF.
| RE SULTS
| Feasibility and observer variabilities
| Baseline characteristics
| Diagnostic accuracy of echocardiographic assessment of RV systolic dysfunction
There were significant correlations of RVEF with all RV systolic indices ( Figure 3) . ROC analyses for an RVEF cutoff of 45% distinguishing normal from reduced RV systolic function were performed in the 47 patients in whom all RV systolic parameters including MTAD, TAPSE, S', RVFAC, and free-RVLS were obtained successfully ( Table 3 ). The diagnostic accuracy of MTAD was significantly higher than that of S' (P = 0.005), and it tended to be higher than those of TAPSE, RVFAC, and free-RVLS (P = 0.02, P = 0.047 and P = 0.14, respectively) in multivariate analysis according to Holm method ( Figure 4 ). MTAD <14.7% identified the presence of reduces RVEF (<45%) with AUC of 0.97, a sensitivity of 93%, and a specificity of 95%.
| D ISCUSS I ON
The present study demonstrates as follows: (a) MTAD had the highest diagnostic accuracy of RV systolic dysfunction in the echocardiographic indices although not statistically different from TAPSE, RVFAC, and free-RVLS in multivariate analysis, and (b) MTAD had a Data are presented as mean ± SD or number (%). AS = aortic valve stenosis; DCM = dilated cardiomyopathy; MR = mitral regurgitation; PH = pulmonary hypertension; SHD = structural heart disease. Data are presented as mean ± SD or number (%). EF = ejection fraction; FAC = fractional area change; free-RVLS = right ventricular free wall longitudinal strain; LV = left ventricular; RV = right ventricular; S' = doppler tissue imaging-derived tricuspid lateral annular systolic velocity; TAPSE = tricuspid lateral annular systolic excursion.
TA B L E 1 Baseline clinical characteristics
TA B L E 2 Baseline echocardiographic characteristics
good observer variability and feasibility. To the best of our knowledge, this is the first study demonstrating the value of MTAD by STE in the assessment of RV systolic dysfunction. Nevertheless, echocardiographic analysis of the RV systolic function is challenging due to its morphology and position.
| Assessment of RV systolic dysfunction
| Conventional indices by standard echocardiography for RV systolic function
Tricuspid annular plane systolic excursion is easily obtained and represents a measure of RV longitudinal function. RV systolic performance is influenced by the contraction of predominantly longitudinal fibers, 30 so it is logical to use TAPSE for evaluating RV systolic function. This index is simple, easily obtained, and reproducible and does not depend on image quality. Moreover, TAPSE had a strong correlation with RVEF. 18, 19 The current guidelines recommend the routine use of TAPSE as a simple method of estimating RV function while it is angle dependent. 16, 17, 31 On the other hand, it has been reported that apical longitudinal rotation has been detected in patients with decreased RV systolic function and dilated RV, especially in patients with PH. 25 ,32 TAPSE may be overestimated in patients with clockwise apical longitudinal rotation resulting from left ventricular compression. 25, 32 A TAPSE cutoff value <17 mm yielded high specificity, though low sensitivity to distinguish abnormal RV systolic function from normal subjects. 33 This finding might be explained in part by the influence of angle dependency or apical longitudinal rotation.
S' is easy to measure, reliable, and reproducible, and it had a good correlation with RVEF and good discriminative ability between normal and abnormal RVEF. [20] [21] [22] [23] Drawbacks of S' in the assessment of RV systolic function are comparable to TAPSE. 16, 17 The percentage RVFAC, defined as (end-diastolic area-end- wall, which may be a cause of only fair inter-observer reproducibility. 21 In addition, this technique needs an optimal image quality of RV free wall. Moreover, RV size is underestimated if RV cavity is foreshortened. 
| RV free wall longitudinal strain by speckletracking echocardiography
Previous studies have demonstrated that free-RVLS was correlated with RVEF obtained by CMR, 23, 34 and that it had prognostic value in various disease. 35, 36 This technique is relatively angle independent and less susceptible to apical longitudinal rotation. 16, 17, 32, 35 These factors are superior to TAPSE or S'. In addition, free-RVLS is unaffected by endocardial border delineation which may have limited the reliability of RVFAC. However, this method is influenced by image quality, reverberation, and attenuation, resulting in lower feasibility than that of other conventional indices. 16, 17, 35 In addition, free-RVLS assesses the only RV lateral systolic function while RVLS including not only free wall but also septum may reduce the specificity for the detection of reduced RVEF compared to free-RVLS. 37 In the present study, free-RVLS showed the lower diagnostic accuracy (AUC of 0.86, sensitivity of 70%, and specificity of 92%) than that of previous report. 23, 34 It might be explained in part by image quality or heterogenous study population.
| Importance of interventricular septum in systolic interaction
There are few reports of assessing entire RV (free and septal walls)
longitudinal strain, and the current guidelines recommend the RV free wall longitudinal strain for clinical use. On the other hand, ventricular interdependence plays an important role in RV systolic function, especially in loading conditions. 9, 38 In animal studies, LV
contraction generates approximately 20%-40% of RV systolic pressure and volume outflow. 39 The interventricular septum is an essential part for systolic ventricular interdependence. 9 In the replacement of RV free wall by a noncontractile patch, the septum is able to maintain cardiac output unless the RV is dilated. 40 Thus, free-RVLS, as well as TAPSE and S', may not be enough for the assessment of RV dysfunction.
| Advantages of MTAD in the estimation of RV systolic dysfunction
In the present study, MTAD was superior to other indices in the diagnostic accuracy for detecting decreased RV systolic function (RVEF<45%) although there were no significant differences between MTAD and TAPSE, RVFAC and free-RVLS in multivariate analysis. F I G U R E 4 Discrimination of patients with decreased RVEF. The diagnostic accuracy of MTAD was significantly higher than that of S' (P = 0.005), and tended to be high than TAPSE, RVFAC, and free-RVLS (P = 0.02, 0.047 and 0.14, respectively) in multivariate analysis according to Holm method. All abbreviations are shown in Figure3
The following advantages of MTAD may contribute to the present results. First, this method is relatively angle independent and less 
| Study limitations
There are several limitations to use MTAD for evaluating the RV systolic function. First, we defined RVEF obtained by 3D echocardiography as the gold standard for the evaluation of RV systolic function. In the present study, however, we had to exclude 20 (25%) out of 81 patients with poor echocardiographic image in which RV systolic function was not able to be measured by 3D echocardiography. CMR imaging should be more appropriate for the assessment of RVEF to avoid the exclusion of the study patients.
Second, it could not be used in patients undergoing cardiac surgery or in those with regional wall motion abnormalities because Finally, our cohort was retrospective, heterogeneous, and relatively small study. We could not examine the effects of age, sex, and disease on the relationship between RVEF and MTAD. Further large studies are warranted to assess the value of MTAD to detect RV systolic dysfunction in an independent validation group.
| CON CLUS IONS
MTAD using speckle-tracking 2D echocardiography, which can be rapidly and easily evaluated, could be a simple index for the detection of the RV systolic dysfunction.
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